We report on nanoscale pillar-based hypersonic phononic crystals in single crystal Z-cut lithium niobate. The phononic crystal is formed by a two-dimensional periodic array of nearly cylindrical nanopillars 240 nm in diameter and 225 nm in height, arranged in a triangular lattice with a 300-nm lattice constant. The nanopillars are fabricated by the recently introduced nanodomain engineering via laser irradiation of patterned chrome followed by wet etching. Numerical simulations and direct measurements using Brillouin light scattering confirm the simultaneous existence of nonradiative complete surface phononic band gaps. The band gaps are found below the sound line at hypersonic frequencies in the range 2-7 GHz, formed from local resonances and Bragg scattering. These hypersonic structures are realized directly in the piezoelectric material lithium niobate enabling phonon manipulation at significantly higher frequencies than previously possible with this platform, opening new opportunities for many applications in plasmonic, optomechanic, microfluidic, and thermal engineering.
I. INTRODUCTION
Phononic crystals are artificially engineered structures made of composite materials of significantly different acoustic impedances in a periodically ordered assembly. Typically, these structures consist of pillar and/or hole inclusions confined within a planar matrix. The configuration of these arrays gives rise to a phonon band structure due to local resonances [1] [2] [3] [4] [5] [6] [7] and Bragg scattering [8] [9] [10] [11] [12] [13] . The band structures commonly exhibit phononic band gaps [3, 4, 7, [10] [11] [12] [13] and can be engineered to achieve negative refraction [14] [15] [16] with the potential for confinement and manipulation of acoustic waves at scales commensurate with their wavelengths or even subwavelengths [16] [17] [18] [19] . To date, research has primarily been focused on the development of phononic crystals which operate in the subgigahertz frequency regime through the incorporation of periodic inclusions at millimeter (sound) to micrometer (ultrasound) scales [3, 4, [10] [11] [12] [13] 20] for various applications that include acoustic filters, acoustic lenses, sensors, and microfluidics.
Very recently, however, there has been a growing interest in hypersonic phononic crystals, exhibiting features at the submicron scale that allow the manipulation of acoustic phonons at GHz to THz frequencies. Such structures will find utility in future broadband wireless communications and also optomechanic and plasmonic coupling in micro-and nanostructures [21] [22] [23] [24] [25] [26] [27] in the GHz regime and potentially even manipulation of thermal phonons (heat) for engineering thermal conductivity and other thermoelectric properties of materials for energy harvesting applications as the THz regime becomes accessible [28] [29] [30] [31] . If it is possible to overcome the current 1-GHz frequency ceiling in acoustically driven * didit.yudistira@rmit.edu.au microfluidics [32, 33] , then it should be possible to achieve nanofluidic actuation facilitating biomolecular manipulation and sensing at single cell and even single molecule levels.
With recent advances in nanofabrication, especially in CMOS silicon platforms, reports have emerged of hypersonic phononic crystals for bulk [8, 9] , plate [7, 21, 23] , and surface wave phononics [34] . Nanophotonics and thermoelectric applications exploiting hypersonic phonons in silicon have also been recently demonstrated [21] [22] [23] [28] [29] [30] . While silicon offers a mature fabrication route for realizing nanoscale phononic crystals, many of the inherent properties of silicon make full exploitation of the material for phononic applications and its coupling with photonics challenging.
Lithium niobate (LiNbO 3 ) has long been the industry standard workhorse of both phononics and photonics given its attractive piezoelectric, electro-optic, and acousto-optic properties and ability to support optical and surface acoustic waves with very low losses across a broad frequency range [35, 36] . A monolithic phononic crystal in LiNbO 3 such as that demonstrated previously [37, 38] , even though at lower frequencies, is highly attractive, for example, in microfluidic devices, since it circumvents the need to couple the acoustic energy through fluid couplants into phononic crystal structures in superstrates [39] which can incur considerable energy loss.
Unlike silicon, however, creating structures at the microscale and below in LiNbO 3 has always been a significant challenge especially for the high aspect ratios required to prevent radiation of high frequency surface phonons in surface acoustic wave phononic crystals [40] . Much research effort has therefore been invested into developing techniques for etching LiNbO 3 . These include wet etching with hydrofluoric acid (HF) [41] [42] [43] as well as dry etching using masked ion milling and direct write focused ion beam (FIB) milling [44] , reactive ion etching [45, 46] , and plasma enhanced etching [40] . The latter dry etching techniques, in particular, have been shown to be effective for producing submicron structures, although redeposition of LiF and NbF x on the sidewalls tends to prevent material removal [47] , yielding imperfections [40, 45] . Wet etching, on the other hand, can be effective [41, 42] , although effective masking to prevent undercutting can be problematic, particularly for long etches with small features [48] . Two-dimensional structures etched into lithium niobate have been reported [42, 46] , however, none have sufficient precision or aspect ratio to enable phononic crystal behavior. Conversely, larger micron-scale phononic crystals have been reported in LiNbO 3 [49] , but these structures can only achieve phononic band-gap behavior at near-GHz frequencies, far below the multi-GHz hypersonic frequencies required for strong nanophotonic-phononic interactions.
Recently, we have reported that visible (λ = 532 nm) laser irradiation of nanopatterned Cr can lead to the formation of nanodomains on the surface of a Z-cut LiNbO 3 substrate [50] . The regions patterned with Cr are domain inverted while the uncoated regions remain unaffected by the irradiation. Due to the differential etch rate between inverted and noninverted domains in HF solution, the noninverted domains etch faster than their inverted counterparts. Thus, while the inverted domains at the surface are relatively shallow (30 nm), they can protect the noninverted material beneath them from etching, thus enabling the formation of high aspect ratio structures, even with un-etched features as small as 100 nm and etch depths on the order of 200 nm [50] .
In this paper, we show pillar-based hypersonic phononic crystals with nanoscale dimensions exhibiting band gaps at multi-GHz frequencies in lithium niobate. The fabricated phononic crystal consists of a periodic array of nanopillars arranged according to the triangular lattice structure of the crystal and whose phonon band structure is characterized by direct observation using Brillouin light scattering (BLS) [7] . The measured phonon band structure reveals several surface phononic bandgap features, which can be attributed to both local resonances of the pillars and Bragg resonance of the surface phonons across the array. Finite element analysis is used to simulate the expected phonon band structure and transmission spectra of periodic structure, which compare well to the measured results. In particular, the analysis reveals that the measured surface phononic band gaps are complete band gaps that extend throughout the first Brillouin zone and that they are nonradiative and appear below the sound line [13] .
II. MATERIALS AND METHODS
The fabrication approach is illustrated in Fig. 1 . First, we define a 30-nm thin layer of Cr disk nanopatterns arranged in a triangular lattice covering a 100 μm × 100 μm area using electron beam lithography (EBL) followed by a lift-off process on the −Z face of a two-side polished LiNbO 3 crystal (provided by Gooch & Housego). The lattice period of the pattern is a = 300 nm with a duty cycle of 0.4. The rear face of the crystal is lapped to avoid ambiguity resulting from 2αA BLS geometry [51] . We then irradiate the Cr nanopattern by scanning a focused laser beam at wavelength λ = 532 nm across the surface [ Fig. 1(a) ]. The full process is described in Ref. [50] . Briefly, as the laser is partially absorbed by the Cr, the surface area of LiNbO 3 coated with Cr heats, which then triggers the domain inversion which rotates the polarization from −Z to +Z. In contrast, the uncoated area is unaffected by the irradiation since LiNbO 3 is transparent at this wavelength. As such, the surface of the LiNbO 3 is domain inverted to a depth of about 30 nm after the removal of the Cr [50] . The achieved domain pattern is a faithful reproduction of the chrome pattern realized with EBL. The sample is then etched with 48% HF solution for 28 min. As the −Z face is etched much faster than the +Z face in HF [41] [42] [43] , the uninverted region is removed while the inverted domain remains unetched and serves as a mask during the wet etching process. Eventually, the pillar structure is formed [ Fig. 1(c) ]. The quality of the nanopillars is characterized by scanning electron microscopy (SEM). The 45
• -angle view of the achieved periodic nanopillars in Fig. 1(d) shows excellent and uniformly ordered nanopillars with smooth sidewalls as expected. From atomic force microscopy (AFM), the height of the pillar is measured to be h = 225 nm with diameters d = 240 nm and t = 170 nm at the bottom and at the top of the pillar, respectively, which render its shape slight conical (almost cylindrical) with an angle of about 6
• from the normal axis. The relative orientations of the phononic lattice and the LiNbO 3 are shown in Fig. 1(a) .
BLS measurements are performed at a room temperature using a six-pass tandem type Fabry-Perot spectrometer (JRS Scientific Instruments), which allows study of thermally activated bulk and surface phonons in the hypersonic range in materials with submicron characteristic length scales [7] . The wavelength of the incident light is λ 0 = 514.5 nm (Ar + laser), and p-p and p-s backscattering geometries are used in the measurements. Here, p and s correspond to the polarization of the light to be parallel and normal to the sagittal plane, respectively. The light is focused by an Olympus 10× long working distance microscope objective with a numerical aperture of 0.45. The diameter of the laser spot is about a few microns and the power is kept below 3 mW. Given the LiNbO 3 substrate is transparent at this wavelength, the sample is coated with a 15-nm thin layer of platinum (Pt) to enhance the surface ripple mechanism in BLS measurements, as illustrated in Fig. 1(c) . In the case of surface BLS, momentum conservation is satisfied based on the in-plane components with a magnitude of the scattering vector given by [7] 
where θ is the incident (scattered) light angle [ Fig. 2(b) ]. The phonon dispersion is thus measured by varying the angle θ , allowing one to probe the phonon wave vectors up to the third Brillouin zone (BZ). For periodic structures, the scattering wave vector is defined by momentum conservation, q = k + G. k is a wave vector in the first BZ as shown by the triangle K M in Fig. 1(c) , which corresponds to the first irreducible BZ of the Z-cut LiNbO 3 crystal [37] , in the k-space representation of the crystal, G = lb 1 + mb 2 is the reciprocal lattice vector, in which b 1 and b 2 are reciprocal unit vectors, and l and m are integers. The unit vectors b 1,2 are calculated from the real-space basic vectors, α 1 = (a,0) and α 2 = (a/2, √ 3a/2) for the triangular lattice illustrated in Fig. 1(a) . BLS measurements are carried out for scattering directions along x and y directions for several angles θ from 18
• to 60
• and 40
• . The largest scattering is limited to 60
• as this gives the scattering wave vector q that follows the edge of the triangle K M in Fig. 1(c) . Consequently, a complete picture of the phonon band structure of the phononic crystal can be plotted, from which the existence of complete phononic band gaps can be determined. Figures 3(a) and 3(b) show the BLS spectra at q = 0.00915 nm −1 in the x direction ( K) measured in the p-p and p-s polarizations. Stokes and anti-Stokes components located at A, B, C, and D can be identified in the figure that directly indicates the measured phonon modes of the phononic crystal. Modes located at peaks B, C, and D from the p-p geometry in Fig. 3(a) correspond to phonon modes whose polarization is parallel to the sagittal plane, which is the z-x plane for the surface phonons propagating along the x axis, whereas the mode at peak A measured in the p-s geometry in Fig. 3(b) possess polarization normal to the sagittal plane.
III. RESULTS AND DISCUSSION
To further verify the characteristics of the observed phonon modes, finite element analysis (FEA) is performed. In the simulation, the thin layer of Pt is included; the bulk material properties of LiNbO 3 • corresponding to q = 0.00915 nm −1 obtained for K or the x direction for (a) the p-p geometry, and, (b) the p-s geometry. The right panel shows the calculated deformation of the surface phonon profiles associated with (c) peak A (oscillating along the cartesian y axis), (d) peak B (oscillating along the cartesian x axis), (e) peak C (breathing oscillation), and (f) peak D (hybrid surface wave); the white arrow indicates the propagation direction along the x axis on the sagittal plane or the z-x plane in the measurements.
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observed phonon modes correspond to surface phonons with their displacements mostly confined on the surface substrate. Figures 3(c)-3 (f) also show that the mode associated with peak A at 1.86 GHz has polarization perpendicular to the sagittal plane, whereas the other modes for peaks B, C, and D at 1.75, 4.15, and 5.18 GHz have polarization mostly on the sagittal plane, which confirm the measurement results. In addition, we can see from the calculated displacement profiles that the modes associated with clear and sharp Brillouin signal at peaks A, B, and C in Figs. 3(a) and 3(b) correspond to surface phonon modes associated with local resonance of the pillar; the elastic energy is mostly confined within the pillars. On the contrary, the less intense signal at peak D corresponds to a hybrid surface phonon mode that resembles a Rayleigh surface wave. We interpret that the confinement of the elastic energy within the pillars of the locally resonant phonon modes gives rise to a clear and sharp measured Brillouin signal whereas the signal associated with the Rayleigh surface modes is mostly distributed on the substrate surface.
BLS measurements performed for different angles θ along the x and y axes are plotted in Figs. 4(a) and 4(b), respectively, as the frequencies of the measured phonon modes are plotted against the reduced wave vector, indicated by the solid circles. When the incident angle θ 35
• for the measurements in the x direction, the scattering vector, with magnitude q = 0.01401 nm −1 , is located outside the boundary of the first BZ at point K, k = 4π/3a = 0.01396 nm −1 . Through the reciprocal lattice vector G all the scattering vectors are translated to the first BZ, which corresponds to wave vectors in the KM direction, as illustrated in the inset of Fig. 4(a) . Given the symmetry of the slowness curve of the Z-cut LiNbO 3 crystal [37] , the phonon modes measured along the y direction are identical to the modes in the M direction in the first irreducible BZ, as plotted in Fig. 4(b) .
To better understand the characteristics of the observed phononic dispersion, we carry out numerical simulations using FEA to calculate the phonon band structures, and the transmission spectra along the highest point in the BZ, namely, K and M, corresponding to the x and y axes, respectively. Band structure and transmission computations are performed following the procedures explained in Refs. [3, 37] . Briefly, two finite sizes of phononic crystal structures are considered, namely, eight-cell and 10-cell for K and M, respectively. A sagittally polarized surface phonon source excited by an interdigital electrode is considered for the transmission calculation. The calculated phonon band structures are plotted in Figs correspond to deformations of the pillars as shown in Fig. 3 . The branches at higher frequency, on the other hand, appear to be more dispersive due possibly to the interaction of local resonant modes and surface propagating modes. Furthermore, by comparing the experimental and numerical results in results from the anticrossing of the branches related to these two different modes, indicating the strong mixing and gradual conversion from purely local modes to purely propagative Rayleigh modes. The second band gap, on the other hand, appears at a frequency of around 7 GHz, as indicated by the green region, close to the BZ boundary, and thus can be attributed to Bragg scattering. The formation of the Bragg band gap is as expected, as the presented phononic crystal is an ordered structure formed from an array of pillars of hexagonal lattice [4] . In the case of a disordered structure, however, Bragg scattering gap should be absent because the phase matching condition for Bragg scattering could not be satisfied [52] .
The results reported in Figs Here, the attenuation is caused as this branch is deaf to the sagittal source [3] ; the polarization of the surface modes that manifest the branch is perpendicular to the sagittal plane as clearly shown by the insets in Fig. 5 . Unlike the deaf mode in Ref. [6] , theoretically, these modes can be excited with a shear horizontally polarized excitation line source [3] . The absence of features related to the branch about 2.1 GHz and between 5.5 GHZ and 6 GHz in BLS spectra for both p-p and p-s, may be attributed to weak or null out-of-plane displacements [7] .
By combining the measured and calculated phonon band structures in Figs. 4(a) and 4(b) into a single plot in Fig. 5 , a complete representation of the phononic band structure of the crystal within the irreducible BZ can be achieved. The horizontal dashed line in Fig. 5 is defined by the lowest frequency attained by a bulk wave with its vector exactly on the BZ boundary. We can clearly see from Fig. 5 that both locally resonant and Bragg surface phononic band gaps are complete band gaps and hence omnidirectional as they extend throughout the BZ: The complete locally resonant surface phononic band gap arises between 1.9 GHz and 2.05 GHz whereas the second complete surface phononic band gap due to the Bragg resonance appears in the range between 5.97 and 6.5 GHz. In addition, the existence of a directional Bragg band gap above the dashed line can be seen to extend from 6.5 to 7.0 GHz, which is deduced based on its location with respect to the sound line within the first Brillouin zone [13] . As all the observed band gaps are found below the sound line, they are hence nonradiative [13] . The presence of Pt thin film and its impact on the phononic behavior should also be noted: Despite its 15-nm thickness, its density, which is five times higher than that of LiNbO 3 leads to the introduction of a mass-loading effect, which we estimate to shift the frequency by approximately 0.5 GHz for all bands.
IV. CONCLUSIONS
We have experimentally demonstrated the first pillar-based hypersonic phononic crystal with nanoscale dimensions in single crystal Z-cut LiNbO 3 that exhibits band gaps at multiGHz frequencies. The nanopillars are fabricated by a recently introduced technique involving nanodomain engineering via laser irradiation of patterned Cr followed by wet etching. The experimentally observed surface phononic band gap are verified by numerical modeling to be complete, nonradiative band gaps that extend throughout the first Brillouin zone. In addition to potentially opening new frontiers in research in acousto-nanofluidic manipulation and eventually thermoelectric structures for energy harvesting, this work represents a significant step towards monolithic integration of photonics and phononics on the industry standard LiNbO 3 platform. Our future research will thus focus on interfacing these phononic structures with nanophotonic and plasmonic arrays, exploiting the overlap in critical dimensions of these hypersonic phononic crystals and their photonic counterparts to achieve strong photon-phonon interactions.
